The activities were compared of the immunological enzymes phenoloxidase (PO) and superoxide dismutase (SOD) and the concentration of proteins and urea nitrogen (UN) in the hemolymph of red sternum syndrome mud crabs, Scylla serrata, (Forskål, 1755) (Decapoda: Portunidae), with those of normal crabs. Twenty-five red sternum mud crabs and 10 normal mud crabs were randomly collected from crab farms in Samut Songkram province, Thailand. Statistical analysis used the mean ± SD and Student's t test at a significance level of a ¼ 0.05. Levels of PO were 0.032 ± 0.013 units/mg protein and 0.075 ± 0.028 units/mg protein, while SOD levels were 0.493 ± 0.079 units/mg protein and 1.464 ± 0.783 units/mg protein, in normal and red sternum mud crabs, respectively. There was a significant difference in enzyme activities between the two groups. The hemolymph protein concentration in normal crabs was 1.03 ± 0.20 mg/mL which was significantly higher than in red sternum syndrome crabs (0.66 ± 0.23 mg/mL). The UN level in the hemolymph of normal mud crabs was significantly higher (10.78 ± 3.96 mg/dL) compared with that of red sternum mud crabs (4.59 ± 1.57 mg/dL). The findings revealed that the protein and UN levels in the hemolymph of red sternum mud crabs had decreased significantly. The red sternum syndrome was inversely related to the accumulated amount of protein and UN in crabs and had an extreme effect on protein metabolism.
Introduction
Mud crab, Scylla serrata (Forskål, 1755) is one of the decapod crustaceans in the infraorder Brachyura that is widely distributed in the tropical and temperate zones of the Pacific Ocean and the Indian Ocean (Jirapunpipat, 2008; Ogawa et al., 2011) and commonly found in shallow coastal waters, estuaries and mangrove forest (Fratini et al., 2010) . Mud crabs are one of the most important commercial species in Thailand (Jirapunpipat, 2008) , mostly as a source of food for human consumption. They are among the most valuable crab species in the world because of their high demand and price in both local and international markets (Ferdoushi et al., 2010) . Mud crabs have become increasingly popular due to their high nutritive values and large size. They are an important source of protein for humans and marine creatures. In Thailand, many provinces such as Chanthaburi, Trad, Samut Songkram, Surat Thani, Ranong, and Trang are popular areas for mud crab farming and mud crab farming has been developed rapidly in Thailand over more than 20 years (Areekijseree et al., 2010) . However, regular outbreaks of disease have caused a severe decrease in production with large economic loss (Salaenoi et al., 2006; Li et al., 2013) . Various diseases in mud crabs are caused by bacteria, fungi, viruses, protozoa, parasites and rickettsia-like organisms (Sakazaki et al., 1963; Guo et al., 2008; Jithendran et al., 2010; Li et al., 2013; Mangkalanan et al., 2014; Wang et al., 2015) , as well as inappropriate environmental conditions, such as organic and inorganic chemicals (Arockia Vasanthi et al., 2014) . It is known that invertebrates do not have the ability to produce immunoglobulins, so they depend on their innate immune system to defend them against invading pathogens. The innate defense systems consist of both cellular and humoral components (Royet, 2004; Ling and Yu, 2006; Matozzo and Marin, 2010; Singaram et al., 2013) .
The cellular immune responses of invertebrates include phagocytosis, encapsulation and nodule formation (Zhao et al., 2009) . In several invertebrates, phagocytosis is accompanied with the induction of intracellular killing mechanisms, primarily associated with reactive oxygen species (ROS) such as the hydroxyl radical (OH ), superoxide anions (O 2 À ) and hydrogen peroxide (H 2 O 2 ) (Aladaileh et al., 2007; Ren et al., 2016) . When the crustaceans are infested with microbes, a series of antimicrobial substances are generated. These substances comprise ROS which are major antimicrobial substances (Campa-Cόrdova et al., 2002; Meng et al., 2011) . In addition, increased levels of ROS can be generated by a variety of environmental stresses such as temperature, hyperoxic or hypoxic conditions, salinity change, chemical pollutants, heavy metals and various organic compounds (Stentiford and Feist, 2005; Kaoud and Eldahshan, 2010; Liu et al., 2010; Wang, 2011) . ROS can be either harmful or beneficial to living systems. Beneficial effects are associated with low or moderate concentrations of ROS which are crucial for the maturation process of cellular structures and host defense systems. A high concentration of ROS generates deleterious effects on biomolecules and can oxidize lipids, proteins and DNA (Lesser, 2006; Matozzo et al., 2011) . The efficient and rapid elimination of ROS is performed by the enzymatic, cellular, antioxidant defense system which includes superoxide dismutase (SOD) (Campa-C ordova et al., 2002; Paital and Chainy, 2010) . The humoral defenses of invertebrate immune systems consist of several kinds of molecules, such as anticoagulant proteins, agglutinins, complement factors, antimicrobial peptides, protease inhibitors, phenoloxidase systems and other humoral factors found mainly in hemolymph plasma and hemocytes (Iwanaga and Lee, 2005; Rowley and Powell, 2007) . The hemolymph plasma and hemocytes can have a key role in immune functions (Sakhare and Kamble, 2014) . Johansson and S€ oderh€ all (1989) and S€ oderh€ all and Cerenius (1992) described the role of the hemolymph in crabs. Crabs have an open circulatory system in which their nutrients including oxygen, hormones, carbon dioxide, waste products and cells that are distributed in the hemolymph via circulating cells called hemocytes. The hemocytes play a major role in the innate immune system of crustaceans, being capable of phagocytosis, encapsulation and the lysis of foreign cells. The major protein in hemolymph is hemocyanin (Chan et al., 1988) . Fredrick et al. (2013) described proteins as the most variable macromolecules in living organisms, and they play major roles in biochemical processes where they function as catalysts, transporting and storing other molecules such as oxygen and minerals. In addition, proteins provide mechanical support to immune protection, while at the same time, they generate movement, transmit nerve impulses, and control growth and differentiation. Protein composition also varies depending on the physiological and functional state of the animal (Fredrick and Ravichandran, 2012) . Enzymes are proteins that facilitate biochemical reactions. There are many enzymes involved in immune system of crustaceans, with phenoloxidase (PO) and superoxide dismutase (SOD) being two of these, where phenoloxidase is expressed in blood cells, and plays a crucial role in cuticular sclerotization and in defense against pathogens and parasites (Martin, 2010) , while the function of SOD is strongly related with innate immunity in invertebrates and its role is to protect cells from free radicals and to stimulate phagocytosis (Chung et al., 2012) . Salaenoi et al. (2006) reported that about 10% of mud crabs in Chantaburi and Samut Songkram provinces were abnormal, with red sternum syndrome and an orange-to-white hemolymph. These symptoms are largely similar to those in Chionoecetes opilio (snow crabs) and Chionoecetes bairdi (tanner crabs) suffering from a disease usually referred to as bitter crab disease (BCD) (Meyers et al., 1987; Taylor and Khan, 1995) or pink crab disease (PCD), as reported in Cancer pagurus due to the hyperpigmentation of the carapace and appendages (Stentiford et al., 2002) . These diseases are caused by parasitic dinoflagellates of the genus Hematodinium (Meyers et al., 1987; Taylor and Khan, 1995; Stentiford et al., 2002) . Additionally, Intanakom and Salaenoi (2010) reported that three species of bacteria (Vibrio alginolyticus, Vibrio parahaemolyticus and Shewanella putrefaciens) were found in infected mud crabs with red thoracic-abdominal syndrome. These bacteria are commonly known to cause human disease (Feldhusen, 2000; Vignier et al., 2013) . Li et al. (2013) reported that one of the major pathogens of the brackish water raised mud crabs (S. paramamosain) in southeast China is V. parahaemolyticus, with the clinical signs of mud crabs affected by V. parahaemolyticus being lethargy, loss of appetite, opaquely discolored carapace, pink appendages, paralysis, and the gills tissue exhibited epithelial edema.
Occurrences of crab diseases and mortality are positively associated with environmental factors because inappropriate environments in rearing ponds, due to the presence of organic and inorganic chemicals, microbes or poor farm management, are important factors which produce free radicals that can cause cell damage and homeostatic disruption. They also directly affect crab molting and cause abnormal symptoms. Winston (1991) found that aquatic organisms are regularly subjected to an enhanced oxidative stress owing to chronic exposure to pollutants in their environments. Nevertheless, the actual cause of red sternum syndrome is still unknown.
Hence, PO and SOD activity, along with the concentration of proteins and urea nitrogen (UN) in the hemolymph needs to be determined and compared between normal and red sternum mud crabs. It is anticipated that this knowledge will contribute to a better understanding of the causes of red sternum syndrome. Thus, the purpose of this research was to investigate the activities of immunological enzymes (PO and SOD), the concentration of proteins and UN in the hemolymph of red sternum mud crabs compared with those of normal mud crabs. The results of this study will provide valuable basic data leading to the identification of the possible causes of red sternum syndrome in mud crab.
Materials and methods

Ethics statement
Animal care or biosafety and all experimental procedures were approved by the Animal Experiment Committee, Biosafety Committee Kasetsart University, Bangkok, Thailand (Approval no. ACKU 60-FIS-056).
Sample preparation
Mud crabs, 200e250 g in weight, were collected randomly from a crab farm in Samut Songkram province, Thailand. Ten healthy (five males and five females) and 25 red sternum (15 males and 10 females) mud crabs were collected during October 2015 to February 2016 (water temperature 28.53e35.20 C, pH 7.21e9.46, dissolved oxygen concentration 7.21e9.46 mg/L). Hemolymph samples were withdrawn with the use of a sterile 21-gauge needle from the crabs' walking legs to determine the color and characteristics of the extract in terms of PO and SOD activities, proteins and UN determination.
Hemolymph plasma preparation
Hemolymph samples were prepared according to . A hemolymph sample was mixed with anticoagulant solution (0.45 M sodium chloride, 100 mM glucose, 30 mM trisodium citrate, 26 mM citric acid, 10 mM EDTA, pH 4.6) at ratio 4:1 (volume per volume, v/v). The mixtures were centrifuged at 6000Âg at 4 C for 15 min to remove hemocytes. The supernatants (hemolymph plasma) were pipetted into sterile tubes and stored at À20 C to maintain protein stability prior to protein and UN determination.
Hemocyte lysate preparation
Hemocyte lysate supernatant (HLS) was prepared as described by Tanner et al. (2006) . A hemolymph sample was mixed with anticoagulant solution (415 mM sodium chloride, 100 mM glucose, 30 mM trisodium citrate, 26 mM citric acid, 30 mM EDTA, pH 4.6) at ratio 4:1 (v/v). The diluted sample was centrifuged at 800Âg for 15 min at 4 C. The resulting pellet was gently washed with 415 mM sodium chloride, 100 mM glucose and 10 mM sodium cacodylate at pH 7.0. The sample was centrifuged again at 400Âg for 10 min at 4 C. The cell pellet was collected and suspended in lysis buffer (415 mM sodium chloride, 100 mM glucose, 10 mM sodium cacodylate, 5 mM CaCl 2 , pH 7.0). The cell homogenate was sonicated and centrifuged at 3000Âg for 35 min. The resulting HLS was stored at À20 C until use.
Phenoloxidase activity assay
PO activity of the mud crab HLS was examined by measuring the formation of dopachrome (2-carboxy-2, 3-dihydroindole-5, 6-quinone) from L-dihyroxy phenylalanine (L-DOPA) according to Tanner et al. (2006) with some modifications. In the assay, 100 mL HLS was mixed with 25 mL of 10% SDS and allowed to incubate for 15 min at 25 C. A further 875 mL of L-DOPA solution (1 mg/mL of L-DOPA in 100 mM sodium phosphate) was added to the reaction. PO activity was spectrophotometrically recorded as the changes in optical density (OD) at 490 nm (DOD 490 nm/min/mg protein) in every 5 min.
Superoxide dismutase activity assay SOD activity of the mud crab hemocytes was determined spectrophotometrically at 560 nm according to the inhibition of nitroblue tetrazolium (NBT) reduction based on the technique of Beauchamp and Fridovich (1971) . The assay mixture contained HLS, 0.1 mM EDTA, 13 mM methionine, 75 mM NBT and 20 mM riboflavin, in 50 mM phosphate buffer (pH 7.9), to a final volume of 3 ml. After incubation at 37 C for 5 min, 50 mL of was added. The reaction mixtures were illuminated with intense cool-white light for 15 min. The mixture was then measured at 560 nm. The specific activity of SOD was determined based on the amount of enzyme required for the 50% inhibition of the nitroblue tetrazolium reduction for 1 min per 1 mg protein.
Protein determination
The hemolymph plasma protein concentrations were investigated using the Lowry method (Lowry et al., 1951) . The samples were triple analyzed and calibrated against the bovine serum albumin (BSA) standard curve. The results were expressed in milligrams per milliliter.
Urea nitrogen in hemolymph
The urea concentration in the hemolymph of mud crabs was measured by adding an acid solution to form pink hydroxylamine according to the method of Rahmatullah and Boyde (1980) . The absorbance of samples was measured at 525 nm. All samples were analyzed in triplicate and calibrated against a urea-nitrogen standard curve.
Statistical analysis
The mean ± SD and Student's t test were used and a level of a ¼ 0.05 (p < 0.05) was considered significant for difference between enzyme activities (PO and SOD), protein and UN concentrations in normal and red sternum syndrome mud crabs.
Results and discussion
Clinical signs of the red sternum mud crabs
The morphological characteristics of red sternum mud crabs were clearly different from those of normal mud crabs. The normal mud crabs had a white-to-pale yellow sternum and normal internal organs (Fig. 1A) . The hemolymph of crabs containing Cu(I) deoxygenated hemocyanin was colorless (transparent hemolymph) (Fig. 1B) , but when exposed to oxygen, it turned to the blue Cu(II) oxygenated form.
The red sternum mud crabs were weak, lethargic and anorexia, and they died quickly after being captured and transported to the laboratory. They had an opaquely discolored carapace and a slightly orange-to-reddish-orange abdomen, thoracic and sternum ( Fig. 2A  and B) . The hemolymph of red sternum mud crabs changed from transparent to orange, orange-white, and milky-white (Fig. 2CeE) . The milky hemolymph lacked clotting ability or showed slower clotting than that of the normal crabs. Internal organs and tissues were pale and friable.
It was clear that the symptoms observed in red sternum mud crabs were very similar to the BCD or PCD which was infected by a parasitic dinoflagellate, Hematodinium spp. (Hudson and Lester, 1994; Taylor and Khan, 1995; Field et al., 1998; Schuwerack and Lewis, 2001; Stentiford et al., 2002; Shields et al., 2005; Stentiford and Shields, 2005) though there have been no reports on the exact causes of the red sternum syndrome in mud crabs. Kon et al. (2011) reported an undescribed disease outbreak in reared and wild snow crabs from the Sea of Japan. The major symptom of the diseased crabs was a milky-white hemolymph and opaquely discolored carapace which resembled those of BCD. The disease was called milky hemolymph syndrome (MSH). The research findings, however, revealed that the milky hemolymph syndrome of the snow crabs was free of the parasitic Hematodinium spp., bacteria and fungi. In contrast, several research studies found that many pathogens, such as bacteria, viruses, yeast, protozoans, barnacle and ciliate were causes of several crab diseases (Bang et al., 1972; Armstrong et al., 1981; Cheng and Chen, 1998; Arcier et al., 1999) . Based on the current experiment, the clinical signs of red sternum syndrome mud crabs were similar to the milky disease found in the mud crabs (Scylla serrata) that were cultured along the coast of southeastern China, where the parasite which caused the milky disease was Hematodinium spp. .
From the current experimental results, about 86% of mud crab samples were infested with epizoic pedunculate barnacles of the genus Octolasmis (Fig. 3A) . These epizoic pedunculate barnacles inhabit the gill surface and the anterior branchial chamber wall in the epibranchial space generally utilized for oxygen and carbon dioxide exchange (Voris et al., 1994) (Fig. 3BeD) . Remarkably, the red sternum mud crabs had more pedunculate barnacles, Octolasmis spp. than the normal mud crabs. This research finding indicated that the pedunculate barnacles in the red sternum mud crabs were about threefold higher than those in the normal mud crabs. An infection of the Octolasmis spp. can result in their host effectively having a reduced gill chamber surface area that causes low oxygen and nutrient absorption from water. The large number of pedunculate barnacles, Octolasmis spp., may result in the red sternum mud crabs becoming debilitated and be infected by other pathogens (Lerssutthichawal and Penprapai, 2013) . The increasing number of barnacles could cause death due to interruption to the respiration system (Gannon and Wheatly, 1992) . Furthermore, the red sternum mud crabs may be affected by environmental stresses such as temperature, oxygen, salinity and chemical pollutants. These factors may increase mortality in red sternum mud crabs. 
Phenoloxidase and superoxide dismutase activities in mud crabs
Phenoloxidase and superoxide dismutase activities were detected in the HLS of mud crabs. The mean ± SD PO levels were 0.032 ± 0.013 units/mg protein and 0.075 ± 0.028 units/mg protein in normal and red sternum mud crabs, respectively (Table 1) . It was apparent that the PO levels in red sternum syndrome were approximately twofold higher than in normal mud crabs. The mean ± SD SOD levels were 0.493 ± 0.079 units/mg protein in normal mud crabs and 1.464 ± 0.783 units/mg protein in red sternum mud crabs (Table 1) being about threefold higher than in normal mud crabs and this was significantly different.
PO and SOD play important roles in crustacean innate immunity. The humoral components of invertebrate immune systems include the activation and release of molecules stored within hemocytes, such as lectins, anticoagulant proteins, and PO systems. This system is one of the critical components of the immune system in invertebrates. PO is an enzyme which functions in various physiological processes, such as cuticular sclerotization and defending against pathogens and parasites in crustaceans. It catalyzes the hydroxylation of phenol substrates to unstable quinones (Aladaileh et al., 2007) , which is transformed into melanin subsequent to a series of non-enzymatic reactions. Melanin is involved in wound healing, pathogen extermination, phagocytosis, nodule formation, (Cong et al., 2008; Ittop et al., 2010) . In addition, bacterial lipopolysaccharides strongly enhance the whole hemolymph in scallops (Argopecten ventricosus, Nodipecten subnodosus and C. farreri), oysters (Crassostrea gigas and Saccostrea glomerata) and pen shell Atrina maura (Luna-Gonzalez et al., 2003; Lin et al., 2011) . SODs are one of the antioxidant enzymes and play a critical role in antioxidant defense pathways in response to oxidative stress; Li et al. (2010) used quantitative real-time polymerase chain reaction (PCR) analysis to show that the expression of cytosolic manganese superoxide dismutase (cMnSOD) in swimming crab (Portunus trituberculatus) was strongly detected in haemocytes and the hepatopancreas at 3 h and 6 h after Vibrio alginolyticus infection, indicating that cMnSOD might be involved in the crab immune response. Additionally, Meng et al. (2011) demonstrated that after Chinese mitten crab, Eriocheir sinensis was injected with Spiroplasma eriocheiris, a tremor symptom appeared and that the extracellular copper-zinc superoxide dismutase (ecCuZnSOD) expression in hemocytes of E. sinensis measured using real-time PCR significantly increased thirtyfold 1 h after S. eriocheiris injection. It was clear that the induction of the ecCuZnSOD was related to the immune response of hosts in a short time to resist S. eriocheiris.
The increase in the PO and SOD activities of mud crabs in the present study indicated that both enzymes influence the immune system of mud crabs.
Hemolymph protein and urea nitrogen level
The mean ± SD protein concentration of the hemolymph was 1.03 ± 0.20 mg/mL in normal mud crabs and 0.66 ± 0.23 mg/mL in red sternum mud crabs (milky hemolymph), which were significantly different (Table 1) . It was found that the red sternum mud crabs exhibited signs of lethargy, color change and loss of appetite. The low protein concentration in red sternum mud crabs has been associated with anorexia and mortality and therefore, the determination of the protein concentration has been used as an indicator of health in mud crabs (James-Pirria et al., 2012) . The recognition of pathogens and parasites by the immune system of invertebrates may be associated with soluble proteins found in the hemolymph as well as cell surface host proteins (Fredrick et al., 2013) . The lower levels of protein found in red sternum mud crabs coincided with who reported that the protein levels in the serum of Cancer pagurus decreased with an increase in the severity of shell disease symptoms. A highly negative correlation was found between the severity of shell disease and a reduction in serum protein. Moreover, the finding from the present research agreed with Pinheiro et al. (2009) who reported that the total protein concentration was reduced by 80% in the hemolymph of the intermediate snail host Lymnaea columella infected with digenean Echinostoma paraensei larvae. In addition, in fresh water snails, Pirenella conica, total protein was also reported to be significantly decreased (p < 0.05) during Heterophyes sp. infection (Rizk et al., 2014) .
Ammonia-N is composed of un-ionized ammonia (NH 3 ) and the ammonium ion (NH 4 þ ). It is a major metabolic by-product of protein catabolism in decapod crustaceans and some decapod species like mud crabs excrete ammonia (NH 3 and NH 4 þ ) which is a main nitrogenous waste product through the gill epithelium (Regnault, 1987) . The toxicity of ammonia nitrogen to aquatic animals is mainly due to the NH 3 . Ammonia can affect various physiological functions of crustaceans together with metabolism, the nervous system, immune system, respiration, osmoregulation, molting and growth, excretion, and eventually cause death unless the ammonia can be detoxified and converted to less toxic nitrogenous waste products, such as urea or uric acid.
In the present study, the mean ± SD level of UN observed in the hemolymph of normal mud crabs (10.78 ± 3.96 mg/dL) was significantly different from that measured in the red sternum mud crabs (4.59 ± 1.57 mg/dL) as shown in Table 1 . The protein and UN levels of the red sternum mud crabs decreased with an increase in the severity of red sternum syndrome. Thus, the red sternum syndrome may have had a considerable effect on protein metabolism via both the protein concentration and UN.
In this study, a significant decrease in the level of UN was detected in the red sternum mud crabs compared to the normal mud crabs. The results suggested that the conversion of ammonia into urea may be utilized by normal mud crabs to reduce ammonia toxicity as suggested by Ren et al. (2015) . The red sternum mud crabs were anorexic resulting in a lower dietary protein intake which may have caused a decrease in their ability to metabolize proteins yielding ammonia-N. As a result of this ammonia reduction, the conversion to urea would decline.
In conclusion, there were significant differences in the activities of PO and SOD in hemocytes of normal mud and red sternum crabs, as well as significant differences in the protein and UN levels. These results suggest that these enzymes play an important role in the innate immune response and that they are involved in the defensive system of mud crabs. There were higher hemolymph protein and UN levels in the normal mud crabs than the red sternum mud crabs indicating that the red sternum syndrome affected the nitrogen metabolism of mud crabs.
